Introduction
Solid-state amplifiers present obstacles to the objective of high average power lasers; they provide a low gain per pass and suffer from wavefront distortions due to thermal gradients in the lasing material. The low amplifier gain requires a low magnification resonator, which increases the sensitivity of wavefront quality to aberrations and alignment errors [ 11. When operated in a heat-capacity mode [2] , the thermal aberrations are time-varying, thus preventing the use of a static corrector optic.
An adaptive optics system provides a means to control the wavefront evolution in laser cavities [3-lo] . Intracavity wavefront sensing allows real-time adaptive control of the resonator's mode structure and vastly improves the output beam quality. In this paper we present the successful implementation of high-spatial resolution intracavity adaptive phase control in a confocal unstable resonator with a sub-threshold Nd:Glass disk amplifier. This work lays the foundation for extentions to high average power heat-capacity laser systems.
Adaptive Unstable Resonators
Using intracavity wavefront correction in unstable resonators has several advantages compared to extracavity sensing [g-lo] . Using a high-spatial resolution wavefront sensor and adaptive optics (Figure 1) , it is possible to directly control the mode shape. Alignment sensitivity is reduced because individual components of the wavefront (e.g. tip/tilt) may be extracted and acted upon by dedicated active components. And because the field propagated through multiple passes in the cavity, the corrector's dynamic range requirements are reduced. Of course, there are also difficulties with this type of arrangement. Aberrations in the laser medium are magnified in each round-trip pass through the cavity, and thus lower the output wavefront quality and far-field Strehl ratio. The correction calculations are more complex than a simple phase mapping; the aberration mode amplification is dependent on mode order and cavity position [lo] . Intracavity control of an unstable resonator was first demonstrated to correct misalignments in a CO2 laser by Stephens and Lind [9] . In these and subsequent experiments, the deformable mirror was controlled using a multi-dither approach based on feedback from the far-field peak intensity [6, 71. In the work described in this paper, we use high order intracavity wavefront sensing to measure the spatially resolved field at the laser output. The full wavefront information is then used to directly control the deformable mirror.
The experiments described here demonstrate correction of an aberrated passive resonator (no gain) -future experiments will use the system to correct an amplified beam. The experiment consists of a positive branch unstable resonator with magnification M = I .3 1 and equivalent Fresnel number N,, = 20.4. The aberration is provided by a prototype flashlamp-pumped Nd:Glass heat capacity amplifier, which can be pumped to a temperature which provides approximately 2.0 waves of low-order aberration in one pass. In the experiment, the amplifier is heated by flashlamp pumping, then the adaptive resonator control loop is closed to correct an injected probe beam.
The heart of our system is a negative feedback loop that adaptively controls the surface of a deformable mirror (DM), using difference between the time-varying wavefront gradient and the desired wavefront slope (flat) to form an error signal. The relation between the error signal and the surface profile of the DM is described by a control law: The system matrix is measured by a calibration procedure where the influence of each individual DM actuator on the wavefront slope is recorded, the combined result (the forward matrix A) is inverted using singular-value decomposition [12] , and the eigenmodes of the system are weighted according to the desired system response. In this manner modes by which the DM has no or little influence may be rejected, analogous to the action of a spatial filter. Note that for an intracavity DM, the wavefront sensor response is more complex than in a single-pass system. For the passive case described here, the wavefront sensor measures the weighted sum of multiple passes through the resonator.
Passive Resonator Testbed System
As a first step toward a high-average power laser, we constructed a testbed system, with the objective of verifying the general approach for wavefront sensing and control . The experimental setup (schematic shown in Figure 2 ) consists of a probe laser, an unstable resonant cavity (URC), a deformable mirror (DM), a solid-state laser amplifier module, a wavefront sensor (WFS), and a far-field sensor (FFS). The URC consists of a 97% reflective primary of radius 39.5 m, and a -30.1 m radius secondary mirror with a 5 1 mm diameter 97% reflective central coating. The geometry of the secondary optic couples the laser output energy into an annular I A099 Paper.doc submitted to World Scientific : 07120199 : 1: 15 PM 316 cross-section. The mirrors are aligned confocally, resulting in a cavity length of 4.7 m and a resonator magnification M = 1.31. The URC is seeded with a solidstate probe-laser emitting CW radiation at 1053 nm, and is expanded to a diameter of 5 1 mm to match the central reflective zone of the secondary mirror. The beam is injected through the primary mirror and collimated at the cavity-side of the primary. Thus, one round-trip pass of the probe beam results in an output annulus outer diameter of M 5 1 mm = 67 mm. The deformable mirror has 109 PZT actuators in a hexagonal-close-pack arrangement, with spacing of 7 mm and stroke of + 2.7 lrn, and a surface roughness of 19 nm RMS (165 nm P-V, mostly edges). The laser amplifier consists of three flashlamp-pumped Nd:Glass slabs alternately oriented at Brewster's angle of 56.6". For the current pump/resonator configuration, the laser runs just below threshold. During operation the amplifier is pumped at a rate of 10 Hz for 15 seconds. The intracavity wavefront is sampled at the plane of the DM by a Shack-Hartmann sensor consisting of a reducing telescope and a lenslet array (750 pm-spaced lenslets, f = 20.1 mm). The spot pattern is imaged directly onto the focal plane of a IZbit digital camera, which uses a 1024 x 1024 pixel frame transfer CCD. Images are acquired at the camera's full frame rate of 8.4 Hz. A far field sensor consisting of a magnifying telescope and an identical digital camera are used to monitor the annular output of the cavity. Figure 3 shows the relationship between the beam profile, the DM actuator positions, and the wavefront sampling of the WFS. The system controller is a UNIX workstation with two digital camera inputs and the DM output interface. Control loop operation consists of determining the wavefront slopes from the spot positions on the WFS camera, multiplying by the system matrix S, and sending the result to the DM. The results of closed-loop operation of the adaptive optical system are shown in Figure 4 . The system was calibrated by measuring the intracavity wavefront before pumping the amplifier, yielding a control loop reference wavefront. To generate the worst-case aberrations, the Nd:Glass slabs were heated by pulsing the laser amplifier flashlamps 150 times. The uncorrected far-field image in Figure 4a has a residual wavefront error of 1.96 h rms, and a calculated Strehl ratio of 0.04. With this as the starting point for the controller, the output in Figure 4b resulted after 19 control loop iterations -a residual wavefront error of 0.16 h rms, and a Strehl ratio of 0.31 (an eight-fold improvement).
(a) To evaluate the performance of the controller we decompose the wavefront into its constituent Zernike modes ( Figure 4~ ). It is clear that most of the initial wavefront error is of low order, as we expect for this type of laser amplifier [l] . Figure 4d shows that the algorithm converges in less than 10 iterations. 5 
